The aim of this study was to examine the relationship between a specific glycated haemoglobin (HbA1c) measurement and a pharmaceutical dispensings-based measure of adherence calculated over the 90 days before each HbA1c measure among patients who have newly initiated metformin therapy.
Introduction
Type 2 diabetes usually requires pharmacological therapy to manage hyperglycaemia. Indeed, the American Diabetes Association recommends initiation of metformin at the time of diagnosis [1] . The effectiveness of any pharmacotherapy requires that the patient take the drug as prescribed, yet people with diabetes often do not adhere to their treatment regimen, with estimates of adherence ranging from 36 to 93% [2] . A number of methods of measuring adherence using electronic prescription refill data have been proposed, almost all of which calculate mean prescription refill behaviour over a 6-12 month period, and validate the measure through association with a biological response to the medication, such as glycated haemoglobin (HbA1c) level, typically expressed as a mean over the same period of observation [3] . As a result, most previous studies
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of the impact of adherence on glycaemic control report small effects, with every 10% increase in adherence associated with a decrease of 0.1-0.3% in HbA1c levels [4] .
This approach ignores the clinical reality that both adherence and HbA1c may vary substantially over time. Furthermore, adherence measures calculated over extended time periods may be of limited use to the practising clinician because they are not readily interpretable at the point of care, when the clinician and patient are generally focused on recent behaviour and glycaemic control. A more limited time frame for estimating adherence could even allow the clinician to perform a rapid mental calculation to inform therapeutic adjustment. Moreover, because HbA1c is a measure of exposure to glycaemia over the life of the red blood cell, an HbA1c typically represents the glycaemic level over a 90-day period [5] ; thus, an adherence measure based on an interval that is more directly related to the biological response to therapy is intuitively appealing. To our knowledge, only one previous study has examined the effect of adherence to antihyperglycaemic medication over the same ∼90-day period represented by an HbA1c value [6] . That study found a small, albeit significant, relationship between adherence and HbA1c, but may have been confounded by the inclusion of multiple oral antihyperglycaemic agents used alone or in combination. The aim of the present study, therefore, was to examine the relationship between a specific HbA1c measurement and a measure of adherence calculated over the preceding 90 days among patients who newly initiated metformin therapy.
Materials and Methods
We conducted a retrospective cohort study of patients with type 2 diabetes within the Kaiser Permanente Northwest (KPNW) integrated health system. KPNW provides comprehensive medical care to ∼480 000 individuals in and around the Portland, Oregon service area. Since 1996, all medical utilization, including inpatient admissions, outpatient visits, laboratory values and pharmaceutical prescription fills, have been captured in electronic medical records.
For the present study, we identified patients with type 2 diabetes who initiated metformin as their first ever antihyperglycaemic drug between 1 January 2007 and 31 December 2011, and who had at least one HbA1c measurement taken <6 months before metformin initiation and a second HbA1c measurement taken between 6 and 12 months after metformin initiation. We defined the pre-metformin HbA1c level as the baseline HbA1c. To allow time for metformin to become therapeutically effective, each patient's observation period began with the first HbA1c measurement after 6 months of newly initiated metformin monotherapy and continued for up to 2 years, with censoring if the patient died, disenrolled from the health plan or initiated additional antihyperglycaemic therapy. For each of the 3109 individuals who met these criteria, we included all 9918 HbA1c values that were taken >3 months apart during the 18-month period of observation. Thus, patients with no filled prescriptions of metformin after the initial fill were still included, unless they initiated another agent, and all patients could contribute multiple observations to the analyses.
Modification of the Adherence Measure
We calculated adherence to metformin over the ∼90-day period preceding each eligible HbA1c observation using a modification of the proportion of days covered (PDC) method using pharmacy prescription fill data. The traditional PDC method measures the average of the proportion of prescribed days' supply obtained from all medication fills during a defined interval with a maximum allowable value of 100% [3] . We adapted the PDC method to time intervals that corresponded to an ∼90-day interval preceding an HbA1c measurement, terming the adaptation the 'biological response-based proportion of days covered' (BRB-PDC). Figure 1 is a hypothetical depiction of two HbA1c measurements for a single individual that graphically portrays the calculation of PDC by the traditional method and by the BRB-PDC method. In the traditional PDC calculation, this hypothetical individual would contribute a single observation over the year-long period to an analysis of the association between mean PDC and mean HbA1c. In the example, PDC calculated over the entire year was 81% with a mean HbA1c calculated from the two measurements of 7.4%. By contrast, using the BRB-PDC method, the individual in the example would contribute two observations to the analysis. The first would be a BRB-PDC value equal to 100% based on the ∼90-day period before the April HbA1c measurement of 6.4%, and the second would be a BRB-PDC of 25%, based on the ∼90-day period before the September HbA1c of 8.4%. This hypothetical example shows that the temporary but substantial drop in adherence was associated with a clinically expected increase in HbA1c, a relationship not captured by the traditional approach to calculating the PDC/HbA1c association.
Calculating Adherence
Because pharmaceutical refills and HbA1c measurements rarely occur simultaneously or at precise 90-day intervals, accurately capturing days' supply to include in the BRB-PDC calculation required that we extend the 90-day interval to include the days' supply of all prescription fills that began or ended in the 90 days preceding an included HbA1c measurement. We therefore included prescription fills and days' supply of any prescription that occurred >90 days before the HbA1c measurement if the days' supply extended into the HbA1c period. In addition, we included the days' supply of the last dispensing before the HbA1c measurement that extended beyond the HbA1c measurement date. These methods allowed us to include all gaps in supply during BRB-PDC estimates that began or ended during the HbA1c period. As a result, the period used for calculating BRB-PDC values ranged from 90 to 370 days, but the mean number of days used in the BRB-PDC estimates was 127 days and 90% of the values were ≤180 days.
Statistical Analyses
The distribution of the BRB-PDC variable was highly concentrated on the extreme values ( Figure S1 ), making it ill-suited for analysis as a continuous measure; therefore, we analysed BRB-PDC as a categorical and/or dichotomous variable. In our primary analysis, we considered four categories of BRB-PDC: 0, 1-49, 50-79 and ≥80% (full adherence using the PDC method is typically defined as ≥80% [3] ). To further explore the discrete effects of adherence, we re-categorized BRB-PDC into 10% intervals from 50 to 90%, using 0-49% as the reference group. All analyses were performed with sas, version 9.3 (SAS Institute, Cary, NC, USA) using proc genmod with either an identity or logit link function to account for multiple observations within patients. We found a strong interaction between BRB-PDC and HbA1c before metformin initiation, suggesting that this relationship varied by pre-treatment level of HbA1c. We therefore stratified the analyses by prior HbA1c using a threshold of 8%. There were 1770 patients with HbA1c <8% before initiating metformin, and these patients had 5896 HbA1c measurements used in the analyses. There were 1330 patients with HbA1c ≥8% before initiating metformin, and these patients had 4022 HbA1c measurements used in the analyses. Potential covariates included HbA1c before metformin initiation, as well as demographic and clinical characteristics that could be associated with HbA1c. Although it was theoretically possible to re-assess the covariates at every HbA1c measurement, we found little variation in the relationships from measurement to measurement. We thus measured covariates at baseline during the 6 months preceding the beginning of the observation period. We tested the baseline relationships between HbA1c and the covariates univariately and included the variables as fixed effects in the final model if they were significant at p < 0.10.
Results
We identified 3109 people who met the study criteria. The mean (standard deviation) age of the study population was 58.5 (11.7) years and 54% were men ( Table 1) . As new metformin initiators, more than half (55.6%) had a duration of diabetes <1 year. The mean HbA1c before initiating metformin was 8.2%. All covariates were significantly associated with HbA1c levels except smoking, systolic blood pressure <130 mmHg, presence of ischaemic heart disease, heart failure and retinopathy, and use of angiotensin-converting enzyme inhibitors or angiotensin receptor blockers. A total of 9918 HbA1c values for the 3109 patients were included in the analyses. The mean (range) number of HbA1c values per patient was 3.2 (1-8). Table S1 . Older age and shorter duration of diabetes were significantly associated with lower HbA1c values, while male sex and longer time since the first metformin dispense were significantly associated with higher HbA1c values. The results of re-categorizing adherence into 10% bands of BRB-PDC using 0-49% as the reference category are shown in Table 3 . HbA1c values associated with BRB-PDC 50-59% were not significantly different from those associated with BRB-PDC 0-49%. Among patients with HbA1c <8% at metformin initiation (n = 1770), all HbA1c values that corresponded to higher BRB-PDC results were significantly associated with lower HbA1c values. The 2913 HbA1c values that were preceded by BRB-PDC >90% were associated with 0. Table S1 .
The probability of a given HbA1c being <7% was 19% higher if the corresponding PDC was ≥80% among patients who initiated metformin when HbA1c was <8% (adjusted odds ratio 1.19; 95% CI 1.06, 1.34), and 28% higher among those with pre-metformin HbA1c ≥8% (adjusted odds ratio 1.28; 1.12, 1.46; data not shown).
Discussion
In this novel observational cohort study of 3109 patients with diabetes and 9918 HbA1c measurements, we found that better medication adherence to metformin was associated with lower HbA1c levels; however, the impact of adherence on glycaemic control was dependent on the level of glycaemic control before initiating metformin. Although we chose the threshold of 8% because it was the approximate median pre-treatment HbA1c in the present study, it also represents a clinically meaningful level at which pharmacological treatment and adherence to it becomes essential. Importantly, our results show a considerably stronger association between adherence and HbA1c than has been previously reported.
Although these findings seem intuitive, they may clarify why previous studies found that adherence had a smaller effect on glycaemic control. For example, in a study of 257 metformin users, non-adherence defined as >20% using the continuous measure of medication gaps method (essentially an inverse of PDC) was associated with a 0.14 percentage point increase in HbA1c value, with both measures averaged over 3 years [7] .
In another study that used 1-year averages, each 10% increase in PDC was associated with a 0.1% decrease in HbA1c [8] . As shown in Figure 1 and suggested by our findings, values of adherence and HbA1c estimated over extended periods of time may obfuscate the short-term impact that adherence has on glycaemic control. We developed a method that allowed us to associate glycaemic control with adherence behaviour that most closely preceded a given HbA1c measurement. A similar method was suggested by Bryson et al. [9] , using 30-and 90-day intervals that associated blood pressure with antihypertensive use and LDL cholesterol with simvastatin use. They also concluded that their method performed better at measuring biological responses than traditional methods. Our findings extend that conclusion to HbA1c and metformin, and our proposed measure may be more clinically useful than other adherence measures.
One recent study found a stronger relationship between adherence and HbA1c than had been previously reported, with adherent patients having a 1-year adjusted HbA1c 0.65% lower than non-adherent patients [10] . Several key differences in study design may explain those findings. First, adherence in taking medications (vs filling prescriptions) was measured using a medication container with a lid containing an electronic device that recorded its opening. This is both a more precise measure of medication consumption than the present method, which assumes dispensed medications are taken as prescribed, and links adherence behaviour to clinical outcome even more closely in time. Second, the data were extracted from a clinical trial which may have selected highly adherent patients. Indeed, baseline adherence among participants was 75.5%. Third, and perhaps most importantly, patients were not new initiators of metformin. The present study included an inception cohort of new initiators, some of whom subsequently had a single prescription fill of metformin. These patients have been termed 'early-stage non-persistent' [3] , and in the present study, would have had an BRB-PDC of 0%. A previous study of metformin initiation reported that such patients were more likely to have baseline HbA1c levels <8% compared with patients who continued metformin therapy [11] . In the present study, the impact of adherence was much lower among patients with better glycaemic control at baseline. Taken together, these data suggest that in studies that include initially non-adherent patients, the relationship between adherence and HbA1c might be expected to be smaller in magnitude than in studies using only patients with multiple metformin dispenses who are by definition more adherent.
The present results suggest that levels of adherence that do not reach the customary threshold of 80% may provide some clinical benefit, with significantly lower HbA1c levels associated with BRB-PDC as low as 60%. Nevertheless, the results also suggest that the 80% threshold, which is used to define full adherence for research studies and for quality improvement programmes, such as Medicare STARS [12] , may adequately represent the maximum attainable benefit of adherence. The present study was not designed to identify the minimum level of adherence as defined by BRB-PDC that maximizes the biological benefit. Although we observed differences between intervals of BRB-PDC, the confidence intervals overlapped and the sample size in successive bands of BRB-PDC may have been too small to simultaneously analyse 10% intervals. Understanding how much adherence is necessary to attain the desired therapeutic response and how much additional benefit can be realized by relatively small changes in BRB-PDC is an important area for future research.
An important strength of the present study was its relatively large sample size, which allowed us to focus our analyses on initiation of a single first-line antihyperglycaemic agent, thus removing any potential bias from studying an established therapy or adherence patterns that might carry over from a previous antihyperglycaemic medication. Our results were further strengthened by the method itself, which more closely links adherence to the drug and the anticipated biological response of using the drug than previously studied methods. Because the BRB-PDC can be calculated from a single dispensing of a medication, it extends the ability to assess associations between adherence estimates and HbA1c for early non-persistent patients who constitute 15-20% of those who newly initiate metformin [11, 13] ; such patients would be excluded from the usual measure of PDC and other similar methods that require at least two dispenses to calculate [3] .
The present study also has some important limitations. The data were derived from an integrated health system that has substantial information technology tools, including electronic medical records and alerts that notify clinicians when HbA1c levels are not optimal. These tools may override the effects of non-adherence that might be otherwise observed. Although we included nearly 10 000 observations of HbA1c and their corresponding BRB-PDC, there were an insufficient number of observations between 10 and 70% to study the effects on HbA1c of BRB-PDC within discrete bands over the entire range.
In conclusion, the present study used a novel modification of the PDC method to correlate the expected biological response to newly initiated metformin with adherence to the medication assessed over the same interval represented by an HbA1c measurement. We observed the greatest impact of high adherence on glycaemic control among patients who initiated metformin at higher HbA1c levels. Metformin is most effective as monotherapy when initiated at diabetes diagnosis when HbA1c levels are still low [11, 14] . For the patient with a higher initial HbA1c level, a high level of adherence appears to be nearly as effective in lowering HbA1c as the addition of a second antihyperglycaemic agent [1] , but without the concomitant safety concerns [15] . manuscript. A. G. R. contributed to the study design, analyzed the data and reviewed/edited the manuscript. T. M. K. researched the data and reviewed/edited the manuscript. K. T. and K. K. contributed to the study conception and design and the interpretation of the results, and reviewed/edited the manuscript. P. M. contributed to the study conception and design, reviewed the statistical analyses, and reviewed/edited the manuscript. J. F. S. contributed to the interpretation of the results, contributed to the discussion, and reviewed/edited the manuscript. The final draft for submission was approved by all authors. G. A. N. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and accuracy of the data analysis.
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